The magnetic nanostructure of epitaxial fcc Co/Cu(001) circular elements (∼1.7 µm in diameter) has been imaged with scanning electron microscopy with polarisation analysis (SEMPA). 
I. INTRODUCTION
Small magnetic elements have received considerable attention recently, in large measure due to their potential for memory elements in high density storage media or as miniaturised sensor elements, 1 but also because they have opened a new field of research with its specific problems and dedicated experimental techniques. Of particular interest is the study of the equilibrium magnetic states and magnetisation reversal mechanisms in small elements, which are strongly determined by the interplay of the different anisotropy terms with the physical shape of the element. In fact, the shape of the element so fundamentally influences the switching behaviour of the magnetisation, that a large effort has been spent with the purpose of finding the geometry that provides the simplest, fastest and most reproducible switching mechanism, which are essential prerequisites for device applications. 1-6 As a striking example of the influence of the shape in the equilibrium magnetic state, it is observed that micrometer sized NiFe circular elements show a circular magnetisation state (vortex state) 7 while square elements show a domain state that resembles the Landau-Lifshitz (quadrant) domain structure. 8 In both cases the magnetostatic energy is minimised by flux closure commensurate with the element geometry. No extra cost arrives from the anisotropy term, which in NiFe is negligible compared with the magnetostatic energy term, but for other materials the effect of the anisotropy is expected to play an important role in determining the equilibrium magnetic states and ultimately the reversal of the magnetisation process. In fact, the role of the magnetic anisotropy has not been so extensively investigated, although some studies have used epitaxial systems such as fcc Co(001), 2,9 hcp Co(0001), 10 bcc Fe(001) and bcc Fe(110). 11 In general, the effect of the magnetic anisotropy is to restrict the states with flux closure to those compatible with local domains pointing along the easy direction axis. In disks, materials with cubic anisotropy form quadrant structures, and materials with uniaxial anisotropy have a multidomain state with parallel magnetic domains 11 . Ring structures, in contrast, show local domain-like features when a cubic anisotropy is present.
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Less clear, however, is how the magnetocrystalline anisotropy and the dipolar interactions (i.e., shape of the element) together determine the form and extent of the effective transition at a magnetic domain boundary in small elements. More generally, there is strong current interest in the concept of a geometrically constrained domain wall.
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In this article we use scanning electron microscopy with polarisation analysis (SEMPA)
to study the remanent states in micrometer size fcc Co(001) disks epitaxially grown on Cu(001). In particular, we look into the details of the domain wall between the observed magnetic domains to show that it is strongly constrained by both the shape of the element and the magnetic anisotropy. The SEMPA technique has the advantage of not influencing the magnetic state of the sample, unlike more invasive techniques, such as, magnetic force microscopy (MFM). 15 In addition, Co thin films deposited on Cu(001) have been extensively studied [16] [17] [18] [19] [20] and provide a well characterised system, ideal for the study of magnetic elements.
II. RESULTS AND DISCUSSION
The elements studied here were fabricated by deposition onto a prepatterned Si(001) substrate. A mask consisting of an array of disks and rings was first defined on the resist layer by electron beam lithography and the unprotected Si was etched down by reactive ion etching. In this paper, we consider only the magnetic characterisation of the disk elements.
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The disk diameter was fixed at ∼1.7 µm and the separation between the elements was set to As a drawback, the structure is left with a continuous background magnetic layer. This film can, however, be disconnected from the disk by making the height of the mesas tall enough.
This method was previously shown to yield successful results for ring elements, 2,9,21 where a stable bi-domain state was observed at remanence.
The magnetic domain structure of the elements was imaged at remanence with SEMPA. A detailed description of this technique can be found elsewhere. 22 The sample is introduced into a UHV chamber and the sample capping layers are sputtered off. A high energy electron beam is focused onto the sample surface and the intensity and spin polarization of the emitted secondary electrons are measured, enabling simultaneous imaging of the topography and magnetization. Both orthogonal magnetization components within the plane of the sample are measured, so that the magnitude and direction of the in-plane magnetization are completely determined. The probing depth of the secondary electrons is limited to approximately 1 nm, making this technique a sensitive surface magnetometer.
SEMPA images for four of the disks are shown in Fig. 1 . These are representative of the total of the disks imaged. Three of the disks present a nearly closed flux, four quadrant configuration typical of a system with cubic anisotropy. The magnetisation inside each quadrant domain is oriented along one of the < 110 > directions, the easy magnetisation axis of fcc Co(001). This is the prevalent state observed for the disks, but other magnetic configurations are also observed. In particular, the top right disk exhibits a magnetic state composed of two vortex cores with opposite orientations. As will be shown below, this can be understood in terms of the relaxation mechanism from saturation to remanence, where the two vortex cores become pinned, therefore inhibiting relaxation towards the equilibrium state. All of the disks have some net magnetic moment, since one of the domains is usually larger than the others (in particular, the vortex core does not sit exactly in the centre of the disk). The magnetization direction in this domain is the same as in the background film and in the direction along which the field was applied.
A higher magnification image of one of the disks, shown in 
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In our simulations we used the experimental value 2 6.5 × 10 4 J/m 3 and the thickness was set to 34 nm. The magnetization is assumed to be uniform in the vertical direction and a cell size of (4nm) 2 is considered in the plane of the particle. For the present study, the magnetisation was first saturated along one magnetic easy axis and then was allowed to relax under no applied field. The equilibrium state at remanence as obtained from the micromagnetic simulations is shown in Fig. 4 . energy and propagate throughout the disk, thus creating the quadrant state. When two vortices are created (as observed in our simulations), one of the vortices moves to the centre of the disk and pushes the other outwards until it vanishes. In some few instances, it may happen that these vortices are pinned by defects, and are still present in the remanent state as observed in some of the rings (top right disk of Fig. 1 ).
The domain wall magnetisation profile from the remanent state simulation is shown in (A/K) 1/2 while at the periphery of the disk it assumes a value close to the geometrical parameter r 0 π/2 corresponding to a circular magnetisation configuration (where r 0 is the disk radius). The situation in this case is analogous to the case of edge curling walls in patterned elements [25] [26] [27] and resembles also the equivalent in thick films of domain walls in closure domains, 28, 29 where minimisation of the magnetic energy is achieved by extended domain walls that may reach the periphery of the element or the surface of the film, respectively. The experimental values show the same trend as the calculations, a plateau followed by an upturn in the domain width with increasing distance from the vortex core, although the value of the domain wall at the plateau is a factor of two larger than that predicted by the simulations. This discrepancy may be due either to a smaller magnetocrystalline anisotropy constant than that measured in continuous films or to a larger exchange constant than that assumed in the calculations (or a combination of these two factors). 
III. CONCLUSIONS
In conclusion, we have studied the remanent magnetic configuration in fcc Co small disk elements. The prevalent state corresponds to a nearly closed flux, four quadrant configuration typical of systems with cubic anisotropy. Less frequently, other magnetic states may be stabilised by pinning sites for the domain wall during the transition from saturation to remanence. We show how the shape of the element combined with the cubic anisotropy energy term determines not only the equilibrium domain structure (quadrant state), but also gives rise to a geometrically constrained domain wall whose width increases with the distance from the vortex core. Both the observed remanent states and the measured width of the domain wall agree well with micromagnetic calculations, showing therefore that the observed domain wall structure is characteristic of small elements where the magnetocrystalline anisotropy strength is significant compared to the dipolar interaction.
